Observations of nearby lightning have been made in Brisbane, Australia (27.3ºS, 153.0ºE) from 1995 to 2010 using CGR3 and CGR4 lightning sensors and a 500 Hz CIGRE lightning flash counter, with the objective of measuring long-term lightning flash densities and their diurnal and annual variations. The observations with the CGR4 sensor covered a circular area around the sensor of about 400 km 2 . The 16-year average flash densities based on direct measurements were: ground flash density = 2.29 km -2 yr -1 , cloud flash density = 2.81 km -2 yr -1 and total flash density = 5.1 km -2 yr -1 and average of 16 annual measurements of the cloud flash-to-ground flash ratio (denoted Z) = 1.56. The most probable long-term ratio of positive to all ground flashes is about 0.04 based on the period 2006 to 2010 when the more reliable measurements were made. The range of values was about 0.02 to 0.17 with a 16-year average of about 0.06. The average annual variation of total flash density shows that about 35 per cent of all lightning occurs from January to June and about 65 per cent from July to December. The diurnal variation of total flash density has the expected peak between 1700 and 1800 hours when 16 per cent of all lightning occurs and a secondary peak between 2000 and 2100 hours when 13 per cent of all lightning occurs. The inter-annual variation in total flash density is large with about a 9:1 range from 1.4 to 12.2 km -2 yr -1 . The average annual thunder day level was 25 with a range from 14 to 31 per year, about a 2:1 range. There is a weak correlation between annual flash densities and thunder days, but attempting to predict a flash density from the thunder day level is subject to large uncertainty. It was found that, averaged over the 16-year study period, 50 per cent of all local lightning occurs on about two days per year.
Introduction
Lightning discharges are broadly classified as negative ground flashes, positive ground flashes and cloud flashes. These types of lightning produce nearby electric and magnetic field effects that have been used as the basis for the design of sensors to detect and count the events. The wide distribution of values of charge and current in lightning discharges prevents the design of a simple sensor with a cutoff in response at a specified distance from the sensor. The effective range of the types of sensor used in this study can be thought of as the distance from the sensor such that the events counted beyond the effective range are equal to the events within the effective range that are not counted. Three types of sensor, the CIGRE 500 Hz, the CGR3 and the CGR4 were used to provide lightning occurrence information in the vicinity of Brisbane, Australia between 1995 and 2010.
The lightning observations were carried out at the author's home located at the eastern edge of the Brisbane suburb of Taringa, about 4 km south of the CBD, in the period 1995 to 2011. From January 1995 to January 2004 a CGR3 lightning sensor was used and from January 2004 to June 2011 a CGR4 sensor was used. Methods have been developed to design the CGR4 sensor for specified effective ranges and to check by observation the effective ranges for negative ground flashes (NGF) positive ground flashes (PGF) and for cloud flashes (CF). This information is required to be able to convert annual counts to flash densities, usually expressed in km -2 yr -1 .
Equipment
Each of the three sensors requires a vertical aerial to detect the changes of electric field and electromagnetic radiation caused by nearby lightning. The vertical-aerial form of the CIGRE 500 Hz Sensor (Barham and Mackerras 1972, was heard and lightning seen or photographed. For part of the period of study, an event recorder was used to record time-stamped lightning sensor operations, thunder heard, and lightning seen signals. The ground flash density (GFD), cloud flash density (CFD) and total flash density (TFD) were calculated by dividing counts by the appropriate effective area (π times the effective range squared), using the appropriate effective ranges for the sensor. The uncertainty in the resulting flash densities and the ratios between them reported here is about ± 30 per cent, mainly because of uncertainty concerning the electrical constants of the aerials used. For sensors at AWS sites, the uncertainty would be about ± 20 per cent.
Results and discussion on individual observations
Summary of 16 years of observations Table 1(a) gives a summary of the six-month, annual and longterm average flash densities and thunder day observations for the period of study. Some notable outcomes are as follows. The 16-year average annual flash densities were: GFD = 2.29 km -2 yr -1 , CFD = 2.81 km -2 yr -1 , TFD = 5.1 km -2 yr -1 , and average of 16 annual measurements of the cloud flashto-ground flash ratio, Z = 1.56. The ratio of the mean sixmonth TFD January-June to the annual TFD is about 0.35, and the ratio of the mean six-month TFD July-December to the annual TFD is about 0.65. The 16-year average of the CFD/GFD ratio = 1.23.
The most probable long-term ratio of positive to all ground flashes was about 0.04 based on the period 2006 to 2010 when the more reliable measurements were made. The range of values from 1995 to 2010 is about 0.02 to 0.17 with a 16-year average of about 0.06. Some suggestions that the true value of this ratio is higher than the ones noted in Table 1 (a) are discussed by Kuleshov et al. (2011) . The large inter-annual variability of all the flash densities is notable, for example, the total flash density for the year 2000 was 1.4 km -2 yr -1 , compared with 12.2 km -2 yr -1 in 2004, a ratio of about 9:1.
Adjustment for failure to count some cloud flashes during very active storms During very active storms the electric field changes caused by nearby negative ground flashes and coincident cloud flashes sometimes overlap. The design of the sensor is such that the resulting combined field change can only be assigned to a single event, and usually, the event will be classified as a negative ground flash and the cloud flash will fail to be counted. An approximate adjustment to the cloud flash count can be made by estimating the number of missed cloud flashes in each very active storm in which the NGF count, G, exceeded 100. The time required by the sensor to make an assignment is T g = 1.35 s, and if a cloud flash occurs during this time it will be missed. The mean interval between NGF events is G/T s , where T s is the storm duration, here Prentice et al. 1975 , Anderson et al. 1979 ) has been in use in Australia and overseas for several decades. The network of this type of sensor operated in Australia by the Bureau of Meteorology (Kuleshov 2004, Kuleshov and Jayaratne 2004) has provided Australia-wide information on ground and total flash densities. The effective ranges of this sensor were estimated by Prentice and Mackerras (1969) to be 30 km for ground flashes and 20 km for cloud flashes; this estimate was later reduced to 18 km, (Kuleshov et al. 2006 ).
The CGR3 sensor was able to detect negative ground flashes, positive ground flashes and cloud flashes with effective ranges 14, 16 and 12 km respectively Mackerras 1992, 1993) . This sensor was used from 1995 to 2004. The CGR4 Sensor (Mackerras et al. 2009 ) was used from about 2004 on. The effective range is currently set at about 11.3 km for all types of lightning, giving an effective area of about 400 km 2 , so a flash density in km -2 yr -1 is obtained by dividing an annual count by 400.
The aerial originally recommended for the vertical-aerial version of the CIGRE 500 Hz sensor is a 38 mm diameter aluminium tube 3.3 m long with its base at a height of 1.75 m above ground (Anderson et al. 1979) . The electrical characteristics of this aerial were shown by Prentice et al. (1975) to be as follows: capacitance to ground, C ae = 57 pF, effective height, h a = 2.4 m and C ae h a = 140 pFm. The value of C ae h a controls the relation between the electric field change and the voltage change on the aerial; it is needed to establish a relationship between electric field changes and the corresponding voltage changes in the sensor circuitry.
An equivalent form of vertical aerial consists of a PVC pipe, nominally 50 mm outside diameter, 3.33 m long, base 1.75 m above ground, with four equi-spaced strands of insulated wire, outside diameter 5 mm, stranded conductor 3 mm overall diameter, spiralled around the tube from base to top. This has equivalent electrical characteristics to those noted above. A third form of vertical aerial, mainly intended for use at Bureau automatic weather station (AWS) sites, consists of a 3.15 m length of 50 mm diameter aluminium tube contained inside a nominally 50 mm PVC pipe about 5 m long with its base at ground level. At sites on level ground clear of nearby obstructions, such as Bureau AWS sites, the lower end of the aluminium tube is located 1.62 m above ground (Mackerras et al. 2009 ).
These types of aerial have been used in this investigation. They have been positioned vertically beside the house referred to in the Introduction with their heights above ground adjustable. Methods were developed to calibrate one aerial against a similar aerial at a clear site at the University of Queensland about 2 km to the east, and to inter-compare aerials at the house so that all aerials had the electrical characteristics noted above.
Data recording and processing
Daily logs were kept of the lightning sensor counts and supplementary observations such as days when thunder taken as typically 2400 s (40 minutes). Hence the fraction of time when overlap occurs, which is also the probability that a cloud flash will be missed (assuming that the timings of cloud and ground flashes are independent), is:
If C is the total number of cloud flashes occurring, C r is the number recorded, and C m is the number missed, then C = C m + C r , and
Solving Eqn 2 for C:
Applying these equations to 47 storms in the 16-year period with over 100 NGF counts, the number of missed cloud flash counts was estimated and converted to an equivalent flash density using the appropriate effective range. This missed cloud flash density was added to the originally calculated flash density and to the original total flash density to give the adjusted values in Table 1 (b) . This has increased the mean annual cloud flash density by 19 per cent from 2.81 to 3.34 km -2 yr -1 , the mean of 16 annual CFD/GFD values by ten per cent from 1.56 to 1.72, and the mean 16-year total flash density by ten per cent from 5.10 to 5.62 km -2 yr -1 . December. This curve is similar to the seasonal distribution curve given by Kuleshov (2004) for Darwin.
The diurnal distribution shown in Fig. 3 has been based on hourly counts of total flashes for the 11 years 1999 to 2006 and 2008 to 2010 inclusive. The year 2007 data were incomplete because of recording equipment failure. Notable features of the diurnal distribution are the relatively low values from 0200 to 1100 hours and the increase to a peak in the late afternoon where 16 per cent of the daily lightning occurs between 1600 and 1700 hours. Figure 3 shows that there exists a secondary peak between 2000 and 2100 hours where 13.3 per cent of the daily total occurs. This secondary peak is barely suggested by a slight kink in the diurnal variation curve used by Mackerras et al. (1998) . The second local peak may indicate a different mechanism operating in the evening than that usually used to explain the late afternoon peak in terms of solar heating of land promoting instability.
To test the hypothesis that days per year with non-zero CGR4 total flash counts might be used as a substitute for annual thunder days, an investigation was carried out with whereas annual thunder days has about a 2:1 range during the period of this study. For Fig. 4 (a) the best fit line was y = 0.329x -3.211, (R 2 = 0.233).
... (5) For Fig. 4(b ... (7) This CIGRE formula is due to Anderson et al. (1984) . For the T d value of 25.3 from Table 1(a), the CIGRE formula gives N g = 2.27 km -2 yr -1 in very good agreement with the present result. The other three equations give results between 32 per cent and 60 per cent lower than the N g value found in this study. results summarised in Table 2 . The test conditions tried out were: a thunder day could be inferred if, on a particular day, the total flash count, TFC, was ≥ x, with x set successively at 1, 2, 3, 4 or 5. The number of thunder days actually observed was found and the best match with the number of inferred thunder days was determined. For the CGR3 sensor the best match was found by using TFC ≥ 2, and for the CGR4 by using TFC ≥ 1. For this investigation a subset of the records was used, including only days on which both an observer was available to hear thunder and sensors were operating correctly. So, to maintain continuity with the long period of existing thunder day records (Kuleshov et al. 2002) , annual thunder days could be taken as equal to the number of days per year when TFC ≥ 1 in the CGR4 record.
In Fig. 4 the annual thunder days were obtained from direct observations and by the use of the rules noted above on days when no aural observations were made. There are weak correlations between annual TFD (Fig. 4(a) ) and annual thunder days (R 2 = 0.233) and between annual GFD (Fig.   4(b) ) and annual thunder days (R 2 = 0.196). Weak correlations are only to be expected as annual TFD has about a 9:1 range 
…(10)
From Table 1(a), for the selected four years, the mean flash densities were as follows.
Mean GFD = 2.462 km -2 yr -1 , mean TFD = 4.248 km -2 yr -1 , mean CFD = 1.786 km -2 yr -1 and the ratio mean CFD / mean GFD = 0.725 (the overall mean Z for the four years). The average of four yearly values of Z was 0.771. Table 3 give a comparison of the values of TFD and GFD calculated from the CIGRE 500 Hz sensor results and the values recorded by the CGR4 sensor. It shows that good agreement within about five per cent between the two methods is obtained when several years of records are used, and when the assumed value for Z is close to the value obtained from the CGR4 record.
Daily TFD values were obtained from CGR3 and CGR4 lightning sensors on 419 days in the 16-year period of this study. The available daily TFD values were calculated from the daily NGF, PGF and CF counts using the appropriate effective ranges. A list of all daily TFD values was sorted in descending order of values and plotted in Fig. 5(a) against the fraction of days in the total period of study (5844 days), from the largest daily TFD (2.9 km -2 d -1 ) at abscissa value 1/5844 to the smallest daily TFD (0.0013 km -2 d -1 ) at abscissa value 419/5844 (= 0.0717). Figure 5(b) shows the cumulative The relationship between the ratio of the annual ground flash density to total flash density (GFD/TFD) and the annual total flash density (TFD); the best fit line is shown.
occurrence tend to have a higher ratio of ground flashes to total flashes. However, the correlation is weak (R 2 = 0.159). This appears to be a consequence of the observation that years with high TFD usually have some very active storms dominated by high GF rates of occurrence, while years with low TFD tend to have mainly storms with low flash rates and low GF occurrence rates. The best fit line for Fig. 7 was ...(11) y = 0.018x + 0.27, (R 2 = 0.159).
Sensor response to visually observed or photographed lightning
Visual and photographic observations of lightning flashes to ground and the corresponding response of the CGR4 and CIGRE 500Hz sensors were made during three storms between November 2008 and May 2011. The direct visual observations were made mainly in a northwest to north direction from the Taringa house. Photography was carried out using a Canon EOS 1000 D SLR camera used in manual mode with the shutter remotely triggered by a signal from the CGR4 sensor. This signal was derived from internal voltages in the CGR4 representing positive and negative excursions of the electric field, causing the shutter to be triggered when the electric field change exceeded 200 V/m in either direction. The duration of the exposure was adjustable from about 0.1 s for use in dull daylight to about 0.9 s used at night. The camera could be used in two ways: (1) pointing in a north-northwest direction, or (2) mounted in a weatherproof enclosure at an elevated position where the camera was pointed downwards at a spherical mirror so that a 360 degree view horizontally, and from the horizon to 60 degrees in elevation was obtained. It was found that the response of the CGR4 sensor to a total of 27 GF either visually observed or photographed or both was 21 NGF, 1 PGF, 1 CF, 2 TFIR (total flash intermediate total of daily TFD values plotted against the same abscissa values as in Fig. 5(a) , that is, the curve is the integral of the curve in Fig. 5(a) . It shows, for example, that 50 per cent of all lightning within the area covered by the sensors occurred on 0.55 per cent of days, equivalent to about two days per year.
Observations of individual storms
The storm on 16 November 2008 was a particularly active one. The five-minute subtotals of CGR4 events were used to plot the temporal variation of recorded lightning activity in Fig. 6 . The minimum distance to the cell from the observation point was obtained from the Bureau radar website (Brisbane area, Mt. Stapylton radar) and is shown on the figure as curve d. For the purpose of this measurement the edge of the area displayed in red on the radar image was used as the boundary of the active lightning-producing part of the storm. The five-minute numbers of counts of ground flashes, GF (=NGF + PGF) marked g, and cloud flashes, CF, marked c are shown on Fig. 6 . An interesting feature is that the relatively rapid increases in counting rate as the storm approaches mainly affect the GF curve, whereas the rate for CF only increases slightly. Thus one tends to have relatively high GF counts in the few very active storms each year, whereas in the storms with moderate lightning activity one tends to have higher CF counts than GF counts. Thus the few very active storms each year contribute disproportionately to the ground flash annual total, and hence lead to relatively low estimates of the annual Z values.
Relationship between the annual GFD/TFD ratio and TFD Figure 7 shows the annual GFD/TFD ratio plotted against annual TFD, indicating that the years with relatively low total flash occurrence tend to have a low ratio of ground flashes to total flashes whereas the years with higher total flash It is probable that earlier estimates of Z were affected by the difficulty in interpreting visual observations when a large fraction of flashes were unidentifiable, particularly during very active storms. In addition, there was a preconception based on estimates by Pierce (1970) that tropical and subtropical values of Z were six to nine, and estimates by Prentice and Mackerras (1977) that tropical values of Z were about six. Correspondingly, the earlier estimates of N g ≈1.2 km -2 yr -1 were too low and the current estimate N g ≈ 2.3 km -2 yr -1 is more realistic. range), and 2 DF (distant flash). The distances of 17 events for which a clear thunder signal could be obtained was between 2-11 km. The response of 1 PGF out of 22 GF agrees with the estimate of PGF being about four per cent of GF. The one CF is to be expected as the estimated error rate for signalling CF in response to a GF is about ten per cent (Mackerras et al. 2009 ). The CIGRE 500 Hz sensor responded to 26 out of the 27 observed ground flashes. The TFIR register indicated events beyond the range for NGF, PGF and CF but with overall field change over 280 V/m. This register was used during field tests to indicate the presence of lightning up to about 16 km away. The DF register indicated the presence of lightning up to about 100 km, based only on a burst of radiofrequency radiation (Mackerras et al. 2009 ).
General discussion
Possible reasons why the cloud flash density could have been underestimated Firstly, the estimated effective range for cloud flashes was based on observed flashes which tend to be those with larger charges and field changes, thus giving a biased sample and hence an effective range estimate larger than the correct value. A smaller effective range would have resulted in a larger cloud flash density for a given CF count. Secondly, during periods of high lightning rates of occurrence, overlapping ground flash and cloud flash field changes usually result in only a ground flash being signalled. Thus cloud flash numbers tended to be underestimated. Table 1(b) shows values of flash densities adjusted for missed cloud flashes, but it is possible that the number of missed cloud flashes has been underestimated. Mackerras (1977) reported a study covering the ten-year period July 1959 to June 1969 using visual observations and CIGRE 500 Hz lightning sensors, with the following results averaged over the period: total flash density, N t = 5 km -2 yr -1 , ground flash density, N g = 1.2 km -2 yr -1 , and cloud flash-toground flash ratio, Z = 3.2.
Long-term trends in lightning activity
During a portion of the above period, 1964 to 1968, Prentice and Mackerras (1969) reported: Nt = 6 km -2 yr -1 , N g = 1.2 km -2 yr -1 , and Z = 4, based on CIGRE 500 Hz sensors.
As part of a worldwide study using CGR3 sensors covering observations between 1987 and 1991, Mackerras and Darveniza (1994) reported for a four year period in Brisbane: N t = 4.5 km-2 yr-1, N g = 1.3 km -2 yr -1 , and Z = 2.5.
A summary of the 16-year study 1995-2010 reported here, based on CGR3 and CGR4 sensors is: N t = 5.1[5.6] km -2 yr -1 , Ng = 2.29 km -2 yr -1 , and Z = 1.56 [1.72].
Values adjusted for missed cloud flashes are shown in brackets [].
A comparison of these total flash density values shows that there has been no significant change in total lightning activity over the period for which observations are available.
However, estimates of Z have declined since the 1960s
